Motivation: A major challenge in modern biology is to link genome sequence information to organismal function. In many organisms this is being done by characterising phenotypes resulting from mutations. Efficiently expressing phenotypic information requires combinatorial use of ontologies. However tools are not currently available to visualise combinations of ontologies. Here we describe CRAVE (Concept Relation Assay Value Explorer), a package allowing storage, active updating and visualization of multiple ontologies.
INTRODUCTION
Ontologies have become an important tool for structuring biological information since the advent of the Gene Ontology (GO) in 2000 (Gene Ontology Consortium, 2000) . GO allows the description of gene products and genome annotation with a consistent terminology. Ontologies in biology have proven successful in facilitating information access. By accessing an ontology at a particular level of detail, terms relating to more specific or more detailed aspects of a part of the structure can be identified. In this way, apparently different descriptions, at different levels of detail, can be related. This approach is forming the basis of new approaches to the mining of biological data (Camon et al., 2004; Philippi and Kohler, 2004) .
The description of (mutant) phenotypes using ontologies is a relatively new area which presents major conceptual and practical problems. These include the potential for a combinatorial explosion if phenotypic attributes are represented individually, especially if a fine-grain representation is required, and the difficulty in representing phenotypes, such as behaviour phenotypes, which do not correspond to physical attributes of an organism (but are, rather, responses of the organism to challenges which may have many significant components). To address this, we have proposed a schema (Gkoutos et al., 2004) (Figure 1 ) upon which phenotype representation can be modelled. The idea behind this schema is to provide a common framework within which different core ontologies (such as behaviour, anatomy etc.) can be mapped to form phenotype ontologies. Individual core ontologies could be linked to the Phenotype And Trait Ontology (PATO; see http://obo.sourceforge.net/), an ontology of relationships, assays and values to provide phenotypic descriptions. According to this schema, for any organism type (which may be defined by an ID number and various other descriptors, such as species, genotype, strain, genotypic sex, alleles at a specified locus, handling conditions and age or stage of development) concepts (such as parts of anatomy or types of behaviour) may be defined using an appropriate ontology. Such concepts have Attributes defined by PATO and will be characterised by an Assay, which provides information on the range of values a particular Attribute can adopt given a particular Assay. A combination of a Concept with a Relationship is described as a Phenotypic Attribute (Gkoutos et al., 2004) .
To navigate and visualize complex ontologies of this kind requires appropriate retrieval and visualization software. There is also a need to map between ontologies from different domains on a common platform. 
SYSTEMS AND METHODS

Database and Middleware
Ontologies are stored in a MySQL database (http://www.mysql.com/) that mimics the functionality of the schema presented in Figure 1 . The database is based on the functionality of the Gene Ontology database (http://www.godatabase.org/dev/database/archive/) but allows the storage of multiple phenotype ontologies of different species and domains. Furthermore, the database is designed to hold instances of phenotypic descriptions, generating knowledgebases for individual domains and allowing cross-referencing and indexing between them. CRAVE accesses these ontologies via a JAVA middleware layer (Chameleon) that maps the relational database tables into discrete JAVA classes and then creates a collection of memory resident, interlinked objects that correspond to the ontology data stored within the database tables. These live JAVA objects are then accessed via calls through the middleware's API. CRAVE is based on a variety of open-source JAVA classes and developer tools, plus our own custom software engineering. We chose JAVA and JavaScript to achieve platform independence. Figure 2 shows data flow between the functions schematically. There are a number of advantages of using a method by which data is stored by the web server as persistent objects. Firstly it enhances the ease of programming an application, as access to ontology data can be handled by one or two JAVA method calls. Secondly it improves performance, as no database interactions are needed once the data structure has been loaded. Finally, and importantly, the method ensures that all applications are using the same version of the ontologies. 
Browser Graphical User Interface (GUI)
A custom graphical interface (GUI) provides the user with flexibility and allows visualisation of the schema. The browser consists of 4 frames.
• A Main Frame situated at the middle. This frame is the main visualisation tool for the ontologies • A Navigation (Hierarchy) Frame situated at the top left hand-side. This frame allows the user to browse between the four different kinds of ontologies accommodated by the schema (Concepts, Relations, Assays and Values) and a hierarchical navigation of a selected ontology • A Search Frame situated at the top right hand-side, allowing simple and advanced text searches of the ontologies • A Metadata Frame situated at the bottom right-hand side. This frame displays all metadata associated with a particular term.
Generating the Hierarchies
The browser queries the middleware, extracting all the root nodes of all available ontologies and then categorises them into Concept, Relationship, Assay and Value types. Subsequently, this allows the building of each individual ontology hierarchy structure by invoking JAVA methods that dynamically generate the JavaScript tree-like menu.
Populating the Main Frame
The browser then allows the user to either text search or browse the tree to explore the ontologies. The search form invokes a JAVA method that retrieves all matching terms and categorises them in the Main Frame (see above) according to their ontology type. Browsing the tree and selecting a node invokes two methods. The first retrieves the ontology type of the term and the range of its relations, and displays them in the Main Frame, whilst the second retrieves all the associated metadata for the term and displays them in the Metadata Frame (see below). For example, if the node is a concept, all relations allowed in its range are also retrieved and all its associated metadata such as term definition, documentation etc. are displayed in the metadata frame.
Formation of Concept-Relationship pairs (Phenotypic Attributes)
Further manipulation in the main display allows the generation of concept relationship pairs (phenotypic attributes) and invokes a method that retrieves the range of the allowed values. The method also allows retrieval of the range of phenotypic attributes for a particular value. The same applies for displaying relationships between Assays and their Values.
Browser function
In this section we give a brief description of the browser's function. There are four buttons on the left hand side named Concept, Relations, Assays and Values, accessing the core concept ontologies, the Phenotypic and Trait Ontology, Assay Ontologies and Values Ontologies respectively.
Concepts
The browser can upload different ontologies from different species. The user must first select the species of interest and then select the particular core phenotype ontology. For example, for the mouse phenotype ontology at least the following ontologies are currently available or will be in the near future: By selecting a particular ontology the user can browse that ontology in a simple hierarchical manner as described elsewhere (Gene Ontology Consortium, 2000) . By clicking on a term it appears on the right-hand side of the browser under Concepts and the associated relations allowed for that particular term appear under Relationship. On the bottom of the browser one can view all the associated metadata for the particular term.
Relationships
According to the schema there is a set of common attributes (PATO; http://obo.sourceforge.net/) that are linked with concepts to provide the phenotypic character. The user can browse this ontology and see all associated concepts that are allowed for a particular attribute in their range.
Assays
Different Assay ontologies can be visualised here. By clicking a node all the allowed values and the associated phenotypic attributes are displayed in the main frame
Values
Here all the Value ontologies, including the PATO Value Ontology are accessed. By browsing the ontologies one can view all assays that allow these values in their range.
Searching the Ontologies
There are two types of searches allowed within CRAVE: Boolean searches and advanced searches. By default CRAVE performs the Boolean 'AND' query containing all requested parameters, so "A B C" is equivalent to "A and B and C". It will also convert any punctuation mark (i.e. underscore or slash character etc.) used in the term name to white space and allow users to search for them either way. So, for example, body_tone could be searched for as body_tone or as body tone, or even BODY TONE since the search is case insensitive. Users also have the option to edit the default query to be any Boolean expression, so one can request to search for A or B, or A not C. More complicated queries can also be performed by using parentheses to emphasize evaluation priorities. For example, users can search for (A and B) and not C etc., which by default is left to right evaluation. The wildcard search (*) retrieves all entities held in the database.
CRAVE allows advanced searches in a simple, single interface manner. By using qualifiers in the search box such as value:, searches are performed on individual groups of ontologies. One could search for concepts linked to the eye that were identified using particular assays. Users are also allowed to search in particular species and particular ontologies for that species. For example: species:mouse AND ontology: behaviour AND concept:body AND attribute:position makes a specific search in the Mouse Behavioural ontology for the phenotypic attribute of body_position. This one line command is meant for external applications to be able to reverse engineer the API. For CRAVE's user interface the first two options (i.e. species and ontology) are provided in a drop down menu and are automatically filled when a user selects a particular species and/or ontology through the graphical interface.
Finally, although ontologies should hold synonyms for term names and different spellings (e.g. British versus American English), we anticipate that there will be occasions when these fields will not be complete and have adopted lists of terms (in a separate standalone database) spelled differently according to British and American spelling and populating common synonyms to allow CRAVE to search for them. So, if B is spelled differently (e.g. Behavior -Behaviour), our example "A and B and C" is equivalent to "A and (B or B') and C". This feature could also be used for conversions between other pairs of languages. Figure 3 shows schematically how the JAVA middleware performs the queries.
Visualisation of an Example
We illustrate here an example of typical browsing and search using CRAVE. We browse (or search) for the concept of Feeding Behaviour in the Mouse Behaviour ontology. We then click on this concept and view all the associated attributes coming from the PATO ontology that Feeding Behaviour allows, namely attribute:relative_quantity, attribute:food_substance, attribute:deviation(from_normal), as presented in Figure 4 .
If we then choose, for example, the attribute of food type by clicking on the button next to it, we form a phenotypic attribute (concept plus relationship). All the assays, in this particular case only one (undefined_assay_of:food_substance assay) that are allowed in the range of the phenotypic attribute are displayed along with the allowed values ( Figure 5 ).
DISCUSSION AND CONCLUSION
We have presented here a freely available resource that allows storage, visualisation and retrieval of phenotype ontologies based on our proposed schema (Gkoutos et al, 2004) . CRAVE is meant to be an aid that will allow different phenotype communities to develop their ontologies. A domain of the Mouse Behavioural Phenotype Ontology being developed by us as part of the EUMORPHIA effort (http://www.eumorphia.org/) is currently available for browsing, searching and visualising in CRAVE. CRAVE highlights the advantages and functionality of the proposed schema for modelling phenotype ontologies (Gkoutos et al., 2004) . It also demonstrates how ontologies could be mapped on a common platform to allow expressivity in phenotype description across ontologies describing a particular domain, and across different species.
We anticipate that in the future CRAVE would be linked with a variety of databases holding individual instances (e.g. Strivens et al., 2000; Blake et al., 2000) to allow searching, retrieval and visualisation of annotated phenotypes.CRAVE could also be used as an annotation tool allowing curators to have a custom interface for providing instances of their annotation. Different parsers could allow CRAVE to express the ontologies in a variety of knowledge representation languages (Gruber, 1993; Baader, 1996; Stevens et al., 2000) , and more importantly in OWL (http://www.w3.org/TR/owlguide/), becoming a major aid, as far as phenotypes are concerned, in the realization of the Semantic Web (Staab, 2003; Gkoutos et al., 2002 ; Berners-Lee, unpublished, see http://www.w3.org/DesignIssues/CG.html). Finally, although CRAVE has been developed as a tool for describing phenotypes, it could also be used in other domains which require complex descriptions involving multiple ontologies. 
